The generation of two X-ray pulses with tunable nanosecond scale time separations has recently been demonstrated at the Linac Coherent Light Source using an accelerator based technique. This approach offers the opportunity to extend X-ray Photon Correlation Spectroscopy techniques to the yet unexplored regime of nanosecond timescales by means of X-ray Speckle Visibility Spectroscopy. As the two pulses originate from two independent Spontaneous Amplified Stimulated Emission processes, the beam properties fluctuate from pulse pair to pulse pair, but as well between the individual pulses within a pair. However, two-pulse XSVS experiments require the intensity of the individual pulses to be either identical in the ideal case, or with a accurately known intensity ratio. We present the design and performances of a non-destructive intensity diagnostic based on measurement of scattering from a transparent target using a high-speed photo-detector. Individual pulses within a pulse pair with time delays as short as 0.7 ns can be resolved. Moreover, using small angle coherent scattering, we characterize the averaged spatial overlap of the focused pulse pairs. The multi-shot average-speckle contrasts from individual pulses and pulse pairs are compared.
INTRODUCTION
The Linac Coherent Light Source (LCLS) has recently developed the capability to produce x-ray photon pulses from two independent electron bunches separated by multiples of the accelerator RF period (350 ps).
1, 2 This development of a "nanosecond two-bunch" (NTB) mode opens up new opportunities to investigate dynamics at previously inaccessible timescales. In particular, NTB bridges the current gap between pico-second time delays offered by, for example, X-ray split and delay optics 3, 4 and the typical timescales probed by X-ray Photon Correlation Spectroscopy (XPCS) experiments from milli-to micro-second at synchrotron sources. 5, 6 Using Xray Speckle Visibility Spectroscopy (XSVS), the same technique used with split-delay instruments, the scattering from two coherent x-ray pulses is summed on a detector. By monitoring the contrast of the resulting speckle pattern, sample dynamics can be measured on a time-scale determined by the separation of the two photon pulses. [7] [8] [9] [10] Thus, XSVS can be used to perform ultra-fast measurements of the the dynamics of amorphous and disordered systems. 11, 12 In addition, NTB has potential applications using X-ray pump X-ray probe techniques, to extend our understanding of the fundamental ultrafast X-ray matter interaction mechanisms.
The NTB mode is initiated by using two injector laser pulses to generated two electron bunches from the photocathode at the beginning of the accelerator. Both pulses strike the gun cathode with a time separation precisely a multiple of the accelerating field period (so called "RF bucket"), which is 350 ps for LCLS. The generated electron bunch pair, after being accelerated to their final energy, is then transported into the undulators. Since each pulse within the pulse pair lases independently, two FEL X-ray pulses with the same time separation as the electron bunches are generated. 16 Due to the intrinsic stochastic nature of the Spontaneous Amplified Stimulated Emission(SASE) process, the X-ray beam properties, such as intensity and pointing, fluctuate from pulse pair to pulse pair as well as between the two pulses within the same pulse pair. 17 However, two-pulse XSVS experiments require the two pulses within a pulse pair to have the same photon energy, spatial profile, focal spot size at the sample, and pointing. Their intensity can differ, but in that case, accurate knowledge of the intensity ratio between the two pulses within the pair is required for data interpretation. 18 In practice, the initial intensity ratio between the two pulses generated are similar with moderate fluctuations (<20%) determined by the SASE process. The intensity ratio can be measured or estimated at LCLS with either the gas monitor or the X-ray Transverse Cavity 19 (XTCAV). However, optics downstream of these diagnostics, especially a monochromator, will introduce additional intensity and other fluctuations before the pulses reach the sample. 20 Therefore, high fidelity intensity measurements in the vicinity of the sample location is normally required. In this article, we describe the characterization of the NTB mode in detail using: (i) a time-resolved transmissive intensity monitor, and (ii) coherent x-ray small angle scattering on a static sample as a spatial-overlap diagnostic.
EXPERIMENTAL SETUP
The experiment was carried out at the X-ray Correlation Spectroscopy instrument at the LCLS. 21, 22 The experimental layout is shown in Fig. 1 . A monochromator was inserted just downstream of the undulators in the Front End Enclosure (FEE) to stabilize the central wavelength. The monochromator consisted of two channel cut silicon crystals arranged to transmit a single photon energy of 8.2 keV.
23 The monochromatized pulse pairs were then offset from the undulator axis by the hard X-ray offset mirrors systems 24 (HOMS) before reaching the X-ray Correlation Spectroscopy(XCS) instrument. Both pulses were focused to the sample position with beryllium compound refractive lens that had an effective focal length of 3.3 m. A transmissive intensity monitor was placed downstream of the lenses and upstream of the sample. The intensity monitor separately measured the intensities of both pulses and is described later. A set of single crystal sapphire wafers of various thicknesses were used as attenuators allowing control of the sample illumination while maximizing the signal from the upstream intensity diagnostics. To characterize the spatial overlap between the two pulses, a thin aerogel sample was used. An ePix100 detector positioned 7.3 m downstream was used to measure the the small angle coherent X-ray scattering.
25
In order to characterize the intensity ratio between the two pulses within each pulse pair, we developed a non-invasive intensity diagnostic. The intensity diagnostic consists of a fast photo-detector (Hamamatsu GaAs Metal-Semiconductor-Metal) that collects the ∼ 90
• scattered photons from a 150µm thick Kapton foil mounted at ∼ 45
• with respect to the incident X-ray beam. Due to its small active area(0.2 × 0.2mm 2 ), the photo-detector was installed on a 2-axis translation stage to optimize its position with respect to the beam. The distance between the photo-detector and the incident beam was about ∼ 500µm. A pair of slits located upstream the intensity monitor blocked the parasitic scattering from upstream optics and reduced unwanted background. A 9 volt bias voltage was applied to the photo-detector and the signal was further amplified using two 10dB broadband amplifiers before being read out using a 8 GHz sampling rate digitizer (Acqiris) with a bandpass of 2GHz.
INTENSITY CHARACTERIZATION
The intensity diagnostic described in the previous section allowed the detailed characterization of the intensity relationship and distribution of the pulse pairs. Fig. 2.(a) shows two single shot time traces from the Acqiris digitizer for time separations of 0.7 and 23.8 ns, or 2 and 68 RF buckets respectively. The signals from the two pulses within the pulse pair are clearly resolved. The individual intensities of the first (I 1 ) and second (I 2 ) pulses were extracted using an integration of the time trace signal over a specific range corresponding to each pulse. The time resolution of the electronics together with the response function of the entire diagnostic allowed the intensity measurement of each pulse within a pair for time delays down to 0.7ns.
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Sample ePix100 400m 7.3m 3.3m 40m 250m Figure 1 . The two bunches are expected to follow a very similar trajectory from the undulator and through the optical components shown schematically here. The beam was monochromatized with a high-resolution monochromator, offset to the XCS instrument centerline with two crystal optics, and focused to the sample with a Beryllium compound refractive lens. The intensity monitor measuring the intensity ratio between each pulse within a pair was located downstream of the focusing lenses and upstream of the sample. The small angle coherent X-ray scattering from a sample was measured at a 7.3 m distance using an ePix100 detector.
In order to quantitatively characterize the precision of this ultrafast intensity monitor, its total signal (I 1 +I 2 ) was compared against that of a well known PIPS diode (Canberra PIPS FD300). Similar to the ultrafast monitor, the PIPS diode collected scattered photons from a Kapton film placed in the x-ray beam path. Since PIPS diode had a much larger active area(300mm 2 ) and a slower response, it measured the sum of the individual pulses (I P IP S ) which should be proportional to the sum of the individual pulses (I 1 + I 2 ) . The correlation between (I 1 + I 2 ) and I P IP S shows a good linearity and one can estimate from the analysis that this intensity diagnostics shows a better than 5% (RMS) precision (data not shown). Traces shown in Fig. 2 .(a) are examples chosen with I 1 ∼ I 2 . However, the combination of the SASE lasing process itself together with the use of the monochromator drastically increases the intensity fluctuations between the two pulses within a pair. This is illustrated in Fig. 2.(b) , which plots the 2D cumulative histogram of I 1 and I 2 from 50000 shots with a time separation of 23.8 ns. A broad distribution of (I 1 , I 2 ) is observed. One can sort the pulse pairs into three different categories: (C) : (I 1 , I 2 ) : shots for which the intensity of the first and second pulse are within a factor of 2 (0.5 < I 1 /I 2 < 2) and are contained in the red shaded area in Fig. 2.(b) .
Note that all "weak" pulse pairs (I 1 , I 2 ) with (I 1 + I 2 ) < 0.03 are discarded from the data analysis. This corresponds to about 5% of the shots. For the measurement shown here, it indicates that the vast majority of the pulse pairs are consisting of shots where the intensity of the second pulse is nearly zero (category (A)). The opposite configuration (category (B) ) is less frequent. The details of these distributions depend strongly on the specifics of the overall FEL configuration and can be adjusted to maximize/minimize some of the observed features.
This ultimately offers the opportunity to optimize the distribution of (I 1 , I 2 ) for specific experimental requirements. For example, experiments such as X-ray pump/X-ray probe, would benefit from the displayed configuration and would focus on the shots in category (A), where the first pulse (i.e. pump) is much stronger than the probe one (i.e. probe). Experiments requiring the opposite would use shots in category (B). Other experiments requiring pulse pairs of nearly similar intensities with an intensity ratio within a factor of 2 would focus on shots in category (C). The latter is the preferred configuration for two-pulse XSVS experiments. This non-invasive intensity diagnostic thus allows the pulse pairs (I 1 , I 2 ) to be categorized for subsequent data analysis.
SPATIAL OVERLAP CHARACTERIZATION
Some experiments require that both pulses within each pair are incident to the sample at the same location and with the same size. This is referred to as the spatial overlap of both beams. Two different aspects should be considered:
(i) the spatial overlap between the two pulses within a pulse pair , which is linked to the trajectory and the size of each pulse at the sample location.
(ii) the shot to shot spatial overlap, i.e. namely the reproducibility of the spatial overlap (i) from one pulse pair to a another pulse pair.
XSVS experiments rely on measuring the contrast variation of summed speckle patterns originating from the coherent scattering from two time separated pulses illuminating the same sample volume. In case this requirement is not fully met, one would therefore observe a reduction of the speckle contrast instead or in addition to the contrast reduction related to the sample dynamics of interest. In order to understand if the beam condition fulfils this experimental requirement, we analyze speckle patterns from a static aerogel sample measured in the Small Angle X-ray Scattering geometry. 25 As the sample is static on any of these timescales (i.e the time separation between the pulses within a pair), this allows to clearly attribute any observed reduction of speckle contrast to a non perfect spatial overlap.
Speckle patterns present a typical grainy appearance decorating the scattering intensity from the sample. Figure. 3.(a) shows the averaged coherent scattering of the aerogel sample over 18000 shots. Areas and pixels with abnormal detector behavior such as noise non-uniformity, dead pixels, as well as shadow of the beamstop and regions that contains parasitic scattering, are excluded from the analysis and are indicated in dark blue. Please note that in the following, the notation < ... > S indicates an average quantity over S number of shots or pulse pairs. statistical analysis, we will consider the iso-Q area, displayed by the shaded annulus area centered at Q * ≈ 0.0062Å −1 in Fig. 3.(b) , and which Q-spread is represented by the solid symbols in Fig. 3 .
(b).
The speckle contrast carries important information about the effective degree of coherence of the beam and the optical configuration as well as dynamics in the sample. 6 At an X-ray FEL, the beam has high transverse coherence. 22 In case of a static sample (i.e. which does not present any dynamics on the time scale probed by the measurement) the effective contrast will be characteristic of the overall optical configuration of the system. In that case and for a two-pulse XSVS experiment, where one measures the sum of the speckle pattern originating from each pulse within a pair, it relates to the spatial overlap. The contrast is maximum when both pulses have the same beam profile at the sample and are fully overlapped, but will decrease when it is not the case. are the corresponding normalized probability density for the three previously described averaged data sets, but using the iso-Q area indicated in Fig. 3.(a) .The dashed lines indicate I * / < I >= 0.63 ± 0.02 .
The contrast β of a speckle pattern can be estimated by analyzing the intensity distribution P (I/ < I >) of the speckle pattern within an iso-Q area, in which the variation of average intensity is small. It can be modeled by the Gamma distribution:
where < I > is the averaged intensity, M the number of mode, which is related to the contrast β by M −1 = β. Therefore one can characterize the contrast of speckle patterns by estimating M . Fig. 4 shows the calculated probability distribution for different number of modes M ranging from 1 to 20. For M > 1, the distributions present a peak, the position of which shifts toward unity for increasing M , as displayed in Fig. 8 by the solid line. The peak position of the distribution I * / < I > can therefore be used as an estimate of the number of mode M .
In the following, we will use the series of shots that were characterized in terms of their intensity for each pulse within each pair (I 1 , I 2 ) as described in Fig. 2.(b) and categorized in the previous section. We will first use the various shots in category (C), which consist of those where each pulse within a pair have some intensity within a factor of two of each other. Fig. 5(a,b,c) shows the zoomed-in average speckle patterns of 500 shots of category (C). The speckle pattern (a) consists of the average of 500 shots which meet the condition of category (C) and were contained between the first shot and shot 2303. The speckle pattern (b) and (c) similarly consist of the average of 500 shots meeting condition (C) but were contained later in the series, thus between shot 2311 to 4876 and 45121 to 49538 respectively. For all three cases the speckle patterns look very similar as clearly indicated by the persistence of a specific speckle highlighted by the white circle. This is a confirmation that for shots of category (C), during rEr t, z.. s... are the corresponding normalized probability density for the three previously described averaged data sets, but using the iso-Q area indicated in Fig. 3.(a) .The dashed lines indicate I * / < I >= 0.63 ± 0.02.
the measurement time span of 7 minutes, the spatial overlap on average was stable. This can be quantitatively confirmed by analyzing the intensity probability distributions in each of these case using the iso-Q area described in Fig. 3 .(a). They are displayed in Fig. 5 .(d,e,f) respectively and all present a peaked distribution at I * / < I >= 0.63 ± 0.02, as indicated by the dashed lines. It therefore confirms the stability of the spatial overlap.
In order to further confirm this observation but most importantly the validity of the averaging process to 500 shots, we repeated the same analysis but this time by increasing the number of shots of category (C) contributing to the average. This is displayed in Fig. 6 , for 500, 1000 and 8000 shots. Identical observations are made as in the previous case with I * / < I >= 0.63 ± 0.02.
We then present a similar analysis, where we compare the speckle characteristics for averaged speckle patterns over 1000 shots from category (A), (B), (C). The results are displayed in Fig. 7 . Similar to the previous analysis, one can observe that for each category, the location of a given speckle remains the same, as marked by the white circle in Fig. 7.(a,b,c) . This clearly indicates that in the cases where only the first or second pulse are present, as well as when both pulses are present, the incident x-ray beams seem to have a very similar trajectory. However, in contrast to the previous case, there are clear differences in the contrast of the speckle patterns.
The corresponding speckle intensity distributions for the three categories are displayed in Fig. 7.(d,e,f) . The peak position of the intensity distribution I * / < I > yields 0.34 ± 0.02, 0.57 ± 0.02 and 0.63 ± 0.02 for (A), (B), and (C) respectively. The peak positions of the three distributions are plotted in Fig. 8 in green, yellow, red for the (A), (B), (C) respectively along the theoretical curve based on Equation (1). One can then obtain the corresponding effective number of modes M A = 1.51 ± 0.06, M B = 2.3 ± 0.1 and M C = 2.7 ± 0.2.
This indicates that the effective contrast for the first pulse is larger (i.e. I * / < I > smaller) than the one of the second pulse. It also confirms that the spatial overlap from shot to shot is slightly different for both cases. Whether it originates from beam size fluctuations or pointing jitter is unclear. One also notes that in case when the shots consist of similar intensity in the first and second pulse (i.e category (C) ), the apparent contrast is smaller than the apparent contrast of the first or the second pulse. This therefore confirm that the spatial overlap at the sample location is not perfect. This information is crucial for the data interpretation of two-pulses XSVS experiments. Most importantly, it shows that in order to ensure the extracted contrast reduction originates from intrinsic sample dynamics, a careful optimization and understanding of the beam conditions using a static sample is mandatory.
CONCLUSION
We presented the performances of a transmissive diagnostics that allows to measure the relative intensity of two pulses within a pulse pair, when generated by the LCLS nanosecond double pulse mode. This allows to precisely characterize the intensity distributions of the pulse pairs, which in turns can be to first order optimized for specific experimental needs by adjusting the overall FEL configuration. The relative intensity measurement of the pulse pair (I 1 , I 2 ) provides critical information that is required in the data analysis and classification. In the case of two-pulse XSVS experiments, the understanding of the degree of spatial overlap between the two pulses within a pulse pair is a prerequisite. The combination of the information of the intensity ration between the two pulses as provided by the non-invasive intensity diagnostic and the measurement of the small angle coherent scattering from a static sample enables the characterization of the averaged degree of overlap between the two pulses. 
